Introduction
[2] Hydrological and aeolian processes redistribute sediments and nutrients within arid landscapes with important implications on the composition and structure of vegetation. The interactions between these processes are thought to play a major role in the conversion of disturbed desert grasslands into shrublands, with possible impacts on regional climate and desertification [Schlesinger et al., 1990] . Aeolian processes, which are presumably the dominant mechanism of soil detachment and transport in many arid environments [Breshears et al., 2003] , are largely responsible for the removal of nutrient-rich soil particles from the intercanopy areas and the deposition onto shrub patches . This sediment redistribution leads to the accumulation of nutrients under the shrub canopies, a process known as ''fertility island formation'' [Schlesinger et al., 1990] . Thus, the landscape exhibits a mosaic of sources and sinks, with bare soil interspaces acting as sources and vegetated patches as sinks of nutrients and sediments [Virginia and Jarrell, 1983; Puigdefabregas, 2005] . Through their impact on the soil moisture regime, hydrological processes such as infiltration and runoff determine the conditions favorable for the establishment and survival of different vegetation functional types, with a consequent impact on the structure and function of water-limited ecosystems [Thurow et al., 1986; Bhark and Small, 2003] . Thus, wind erosion maintains and enhances the local heterogeneities in nutrient and vegetation distribution existing in arid landscapes, while hydrological processes, such as infiltration and runoff, control soil water availability with important effects on the successful establishment and growth of dryland vegetation.
[3] The heterogeneity in vegetation and resource distribution determines the heterogeneity in the spatial distribution of soil infiltration capacity, runoff and erosion rates [Puigdefabregas, 2005] , which, in turn, result in the formation of areas of hydrologically enhanced plant productivity [Rango et al., 2006] . The biological response to water availability is also heterogeneous, due to the differences in plant and soil characteristics typically existing within a patchy landscape [Rango et al., 2006; Wang et al., 2007] . Positive feedbacks between vegetation and surface soil moisture [Breman and Kessler, 1995] may further enhance heterogeneities in vegetation and soil distribution, contributing to the emergence alternative stable states in dryland vegetation [Walker et al., 1981; Rietkerk and van de Koppel, 1997] and vegetation pattern formation [e.g., Lefever and Lejeune, 1997; van de Koppel et al., 2002; D'Odorico et al., 2006] . In fact, the wetter surface soils existing under the canopy may facilitate vegetation establishment, while the drier soil in the interspaces may prevent vegetation growth.
[4] Even though, the role of hydrological [Reid et al., 1999; Neave and Abrahams, 2002; Bhark and Small, 2003] and aeolian processes [Okin and Gillette, 2001; Ravi et al., 2004; Li et al., 2007] in the dynamics of dryland ecosystems has been well documented, very few studies have addressed how the interactions between these processes affect fertility island dynamics. Until recently, the common understanding of sediment redistribution and transport processes in desert shrublands was based on the notion that runoff originating from bare soil interspaces converges towards the ''vegetated islands,'' thereby leading to the deposition and accumulation of nutrient-rich sediments beneath the canopy. Previous studies on infiltration rates in these landscapes have rarely considered the variations in infiltration rates within the shrub-dominated resource islands. Here, we show -through a an extensive series of infiltrometer measurements and laboratory analyses -that the infiltration rates inside the fertility islands may be lower than the outer edges, indicating that runoff occurs also from the center of these islands to the outer edges. This investigation shows that the differential rates of soil deposition and removal by aeolian processes, which results in differential rates of hydrological processes such as infiltration and runoff, may be responsible for the formation and expansion of mesquite dunes in arid landscapes.
Materials and Methods
[5] The study site was a honey mesquite (Prosopis glandulosa) dominated shrubland at the USDA ARS Jornada Experimental Range (+32.5N, À106.8W), located in the northern Chihuahuan Desert, near Las Cruces, NM. The infiltration experiments and soil sampling were conducted during the dry period of the year (April -May 2006). The mesquite mounds in the study sites were unevenly distributed with bare interspaces of 3 -5 m separating the mounds. Infiltration rates were measured using a mini disk infiltrometer (Decagon Devices, Pullman, Washington) using a suction of 2 cm. The mini disk infiltrometer is ideal of this kind of situations as it requires small amounts of water for its operation (135 ml), and is small enough to measure infiltration at several points within the vertical projection of shrub canopies. Infiltration was measured upwind, in the middle and downwind from each mesquite and also in the bare interspaces, where the upwind and downwind positions were determined using long-term wind data of Helm and Breed [Helm and Breed, 1999] . More than hundred infiltration tests were performed around 30 mesquite mounds (total) and bare interspaces in two selected areas (more than 100 m apart). The mesquite mounds selected for the study were further classified based on the height of the mound (height of the center of the mound with respect to the bare interspaces) into small mounds (ht < 15 cm) and large mounds (ht > 15 cm). The dimensions of mesquite shrubs (length, width, height) and mound (height of the mound) were also measured. The height of the mounds varied from 5 cm to 30 cm and the shrubs on the mounds were 0.5 m-1 m tall and 1 m to 3 m wide. Soil samples (top 5 cm) were collected from upwind, center and downwind of the shrubs.
[6] Soil texture was determined using the standard hydrometer method [American Society for Testing and Materials, 1981] . A soil hydrometer (Fisher brand Specific Gravity Scale Soil Hydrometer*) was calibrated to measure the specific gravity of the soil suspension; the size fractions (wet method) were calculated based on the settling time of the suspended particles (Table 1 ). The particle size fractions (dry method) at the center of shrub islands and bare interspaces were compared using Ro-Tap Test sieve shakers (W.S. Tyler) which provides accurate and consistent particle size analysis in five particle size classes (45, 125, 250, 355, 500 microns) . Total soil carbon and nitrogen were determined using the standard combustion method [Gavlak et al., 1994] . To investigate how differences in infiltration rates and nutrient content change with the development of the dunes/mounds, the results of all these measurements are reported separately for small (i.e., <15 cm ht) and large (i.e., >15 cm ht) dunes. Statistical tests (single factor ANOVA) were carried out to show that the differences in particle size distribution and nutrient contents were significantly different upwind, in the center and downwind of the mesquite mounds.
Results
[7] The infiltrometer measurements show that the infiltration rates are lower in the center of the shrub mounds compared to upwind and downwind areas (Figure 1a) . The downwind areas of the shrub mounds had lower infiltration rates compared to the upwind areas. This heterogeneity of infiltration rates are more noticeable in the case of small mounds (<15 cm) when compared to large shrub mounds (>15 cm), clearly indicating the dependence of infiltration rates on mound height and development stage (Figure 1b ). The infiltration rates in the bare interspaces were generally found be lower than the upwind areas of the shrub mounds.
However the interspace infiltration rates were very inconsistent depending on the soil surface crust characteristics.
[8] The results from the Ro-Tap Test sieve shakers show that there is more accumulation of finer particles (clay, silt, very fine sand, and fine sand) in the center of the mesquite mounds compared to the bare interspaces (Figure 2) . The soil particle size distribution using the hydrometer method shows that there was a significant variation (based on a single factor ANOVA, P-value < 0.0002 for both sand and fines (silt and clay)) in particle size distribution between the upwind, center and downwind areas of the shrub mounds. The average sand content in the center of the shrub mounds was 88 % (considering all shrubs studied), while fine particles (silt and clay) were 13%. In contrast, the upwind areas of the dunes had on average 94% sand content and 7% content of fine particles. The downwind side showed an intermediate particle size distribution with 91% average sand content and 10% of fine particles. The corresponding values of saturated hydraulic conductivity (k) were calculated using the method proposed by Zhang [1997] , for dry soils. The value of k at the center bare patches (8 Â 10 À5 cm/sec) were significantly smaller than those at microsites located in upwind (1.9 Â 10 À3 cm/sec) and downwind areas (4.4 Â 10 À4 cm/sec). The middle of the mounds had higher concentration of fine particles (silt and clay) and lower sand content compared to upwind and down wind areas of the mounds. Even though this significant variation in particle size distribution between the upwind, center and downwind areas of the shrub mounds was noticed in both small mounds (P-value < 0.001 for both sand and fines) and large mounds (P-value < 0.009 for both sand and fines), the variation in particle size distribution was more noticeable in the case of small mounds compared to large mounds (Table 1 ). The total soil carbon and nitrogen contents were higher in the center of the shrub mounds compared to upwind and downwind areas (and bare interspaces), consistent with the notion of ''fertility islands'' formation (Table 1 ). The statistical test (single factor ANOVA) confirmed that the total nitrogen (P-value < 0.0004) and total carbon (P-value < 0.001) are significantly different for the center, upwind and downwind of the shrubs.
Discussion and Conclusion
[9] The infiltration experiments show that, even though infiltration rates in the fertility island are greater than in bare interspaces consistently with previous studies [Bhark and Small, 2003; Rango et al., 2006] , a wide variation exists within these vegetated islands, with the infiltration rates being significantly lower in the center than in the upwind and down wind locations. This is explained by the higher clay and silt content in the center of the shrub mounds compared to the edges (Table 1) and by the ability of vegetation to enhance soil infiltration capacity (e.g., due to the presence of roots, macropores, organic matter). The average sand content in the center of the shrub mounds (considering all shrubs studied), were lower than the upwind areas of the mounds, while fine particles (silt and clay) showed the reverse trend. The downwind side showed an intermediate particle size distribution, probably due to the settling of fine particles in the wake of the wind stream. The variation in particle size distribution and the associated variations in infiltration rates between these areas within the shrub mounds are more prominent in the case of small mounds (height < 15 cm) compared to large mounds (height >15 cm). The results from this study suggest that water redistribution occurs down slope from the center of the dunes to the edges (upwind and down wind areas) where infiltration occurs at a higher rate. Mesquite roots extend to the upwind, downwind areas and also to the bare interspaces, so the shrubs can still exploit water infiltrating outside of the vertical projection of their canopy. Further, the higher run off from the nutrient rich center of the dunes to the edges also results in the transport of nutrients to the outer edges. The nutrient data (Table 1) indicates that the centers of the shrub mounds have a higher nutrient content than the upwind and downwind areas.
[10] Our data suggest that fine sediments are redistributed by aeolian processes from the interspaces onto the vegetated islands (mesquite dunes), where they remain sheltered by the shrub vegetation. This process leads to the formation of an area of fine textured soils with higher concentration of wind borne fines (hence with lower infiltration rate) inside the shrub patch (Figure 2) . The differential redistribution of soil particles on to the vegetation by aeolian and hydrological processes can create textural changes in and around the vegetation which can alter the infiltration and runoff processes, as surface soil texture (top few centimeters) is thought to be a major factor determining the rate of water infiltration in to the soil [Wood et al., 1987; Bestelmeyer et al., 2006] . Due to slower infiltration within these patches, runoff likely occurs from the middle of mesquite mounds toward the edges where it likely infiltrates at the outer edges of the mound. Thus the outside of mesquite mounds are ideal sites for the uptake of water by the existing plants or growth and establishment of new plants, especially in the case of nitrogen-fixing shrubs like the mesquites, which are less sensitive to N limitations ( Figure 3) . As the mound grows, however, runoff-driven redistribution of sediments Figure 2 . Accumulation of finer particles at the center of the shrub mounds compared to the bare interspaces (using Ro-Tap Test sieve shakers).
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from the middle to the edges of the dune appears to cause a decrease in the differences in soil texture, soil hydraulic properties, and nitrogen content between the center and the edges of the dunes. While these differences decrease with the dune age, gravity-driven redistribution of water as overland flow remains within the bigger mounds, with the dune edges becoming preferential sites for water uptake and plant growth. These interactions between windborne sediment patterns and water infiltration and redistribution results in the outward growth of vegetation, both in the upwind and downwind directions. This outward growth pattern creates bare open spaces within the shrubs. Similar growth pattern of dune vegetation was observed in previous studies [e.g., Shen, 1988; Fearnehough et al., 1998 ] in the stabilized desert dunes of Northern China, where the deposition of finer soils resulted in considerable changes in soil texture. The retention of moisture at the surface by the finer soils existing at the center of the mounds combined with the formation of physical and biological soil crusts [Danin et al., 1989] resulted in the decline of planted shrubs [Shen, 1988] . As this barren area in the middle of a shrub patch increases in size, its ability to retain fine particles decreases. This fact contributes to the explanation of why, compared to small mounds, big mounds exhibited smaller differences in particle size distribution and hence in infiltration rates among upwind, central and downwind areas.
[11] In the case of the system investigated in this study, runoff generation does not tend to augment the size of coppice dunes. These patterns are best explained by the deposition/accumulation of wind-borne (finer) sediments onto mesquite dunes. Runoff contributes to the redistribution of water and nutrient-rich sediments from the middle to the edges of the dune, and to the consequent preferential establishment/growth of mesquite shrubs at the edges. Thus the formation and development of coppice dunes, and of associated vegetation patterns results from the interaction between hydrologic and aeolian processes. Mesquite shrubs contribute to coppice dune formation and augmentation by the differential trapping of fine wind-borne sediments among areas located at the center, upwind and downwind of the shrub. Even though the center of shrub mounds is richer in nutrients due to the aeolian deposition of fine sediments, the observed patterns of vegetation growth at the mound edges indicate that shrub establishment and growth is controlled by hydrologic processes. Due to the lower water infiltration and elevated runoff, the center of the mounds is not a preferred site for this vegetation, when compared with the mounds edges, where soils exhibit higher infiltration capacity and elevated run-on rates. Thus, the interaction of aeolian processes with a sparse shrub cover leads to heterogeneity in soil texture and soil hydrological processes (infiltration, runoff and soil moisture), which in turn affect vegetation growth patterns.
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